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Abstract
The spread of COVID19 through droplets ejected by infected individuals in the air during sneez-
ing and coughing has been considered as a matter of key concern. Therefore, a quantitative
understanding of the propagation of droplets containing the virus assumes immense importance in
formulating the preventive strategies. In the present work we rigorously investigate the evolution
of droplets in space and time under varying external conditions of temperature, humidity, air flow
by using laws of statistical mechanics. The effects of drag, diffusion and the gravity on the droplets
of different sizes and ejection velocities have been taken into consideration during its motion in
the air. In still air it is found that bigger droplets traverse larger distance but the smaller droplets
remain suspended in the air for longer time. Therefore, in still air the horizontal distance that a
healthy individual should maintain from an infected one is determined by the bigger droplets but
the time interval to be maintained between the two is determined by the smaller droplets. Here
we show that in places with flowing air the lighter droplets travel larger distance and have the
ability to remain suspended in the air for longer time. Therefore, we conclude that both temporal
as well as the geometric distance that a healthy individual should maintain from an infected one
is determined by the smaller droplets if there is flowing air. The small droplets travel larger dis-
tance and remain suspended in the air for long time under the influence of flow making the use of
mask mandatory to prevent the virus. The the maintenance of only stationary separation between
healthy and infected individual is not substantiated. The quantitative results obtained here will
be useful to devise strategies for preventing also the spread of other types of droplets containing
microorganisms.
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I. INTRODUCTION
It is common knowledge that droplets released through coughing, sneezing, speaking
or breathing contain microorganism (bacteria, virus, fungi, etc) causing a large number
of diseases [1]. Here we investigate the space-time evolution of these droplets which will
help enormously in planning the preventive strategies for these diseases. The motion of
the droplet ejected in the air with some initial velocity at some spatial point will interact
with the molecules of the air. The problem will not only be complex but unsolvable if
one considers the interaction of the droplet with the individual molecules of the air which
are changing positions continuously, resulting in continuous change in the interacting force.
In such situation the air molecules can be regarded as forming a thermal bath character-
ized by temperature and density where the droplets are in motion. The interaction of the
droplets with the bath can then be lumped into an effective force which contains drag and
diffusive terms. Therefore, the interaction of the droplets with the air can be taken into
accounts through its drag and diffusion coefficients. The droplet will also be subjected to
the gravitational force due to its non-zero mass.
The facts stated above set an appropriate stage to study the propagation of sneezed and
coughed droplets in the air within the scope of Langevin stochastic differential equation of
statistical mechanics [2, 3]. It is crucial to note that the Langevin equation can be applied
to solve the problem under study because the mass of the droplets are much higher than
the mass of oxygen and nitrogen molecules present in the air. After the ejection the change
in position of the droplets with time will be governed by the: (1) drag force exerted by
the air on the droplet, (2) diffusive force and (3) gravitational force acting on them. The
inclusion of all these forces enable us to study the trajectories of droplets with a wide range
of sizes. The thermophysical properties of the air vary from place to place depending on
the temperature and relative humidity. These variations have been taken into consideration
through the temperature [4] and relative humidity [5] dependence of the viscosity of the air.
The viscosity of the air has been used to estimate the drag coefficient by employing the
Stokes’ formula. The Einstein fluctuation-dissipation relation [3] has been used to calculate
the diffusion coefficient. Therefore, the temperature and humidity dependence of the space-
time evolution of the droplets enter the calculation through the drag and diffusive forces
exerted by the air.
The trajectories of the droplets will be different in still and flowing air [such as in a
air conditioned (AC) room]. Present study considers both the cases. The flow of air has
been taken into account by using the Galilean transformation of the Langevin equation.
The velocity of the droplets will dissipate in the air in course of time. It is expected that
the gravitational force is superior to both the drag and diffusive forces for large (massive)
droplets. However, for smaller droplets drag and diffusive forces will predominate. There-
fore, it will be interesting to study how these competitive forces influence the distance that
the droplets traverse from the source (infected individual) and for how long they remain
suspended in the air. This will indicate the distance (both geometric and temporal) that
a healthy individual should maintain from an infected one to prevent virally transmitted
diseases.
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II. METHODS - SOLVING THE LANGEVIN EQUATION NUMERICALLY BY
MONTE-CARLO TECHNIQUE
We write down the Langevin equation below for the motion of the droplets of mass (M)
in the still air in the presence of gravitational field [2]:
dri
dt
= vi (1)
M
dvi
dt
= −λvi + ξ(t) + FG (2)
where dri and dvi are the shifts of the coordinate and velocity in each discrete time step dt,
i stands for the Cartesian components of the position and velocity vectors. The λ in Eq. 2 is
the drag coefficient. The first term in the right hand side of Eq. 2 represents the dissipative
force and the second term stands for the diffusive (stochastic) force where ξ(t) is regulated by
the diffusion coefficient D. ξ(t) is also called noise due to its stochastic nature. We study the
evolution with a white noise ansatz for ξ(t), i.e ⟨ξ(t)⟩ = 0 and ⟨ξ(t)ξ(t′)⟩ =Dδ(t−t′). White
noise describes a fluctuating field without memory, whose correlations have an instantaneous
decay called δ correlation. The third term in Eq. 2, FG represents the gravitational force
(=Mg, g = 9.8 m/s2) acting on a droplet of mass M .
The Galilean transformation has been used to take care of the flow of air (with velocity
u(x)) into the Langevin equation. In the present work our aim is to study how the dynamics
of droplets are affected by the flow of the air. Therefore, we conceive a velocity profile for
the air flow as: u(x) = u0(1− xxmax ) to serve this purpose, where x is the running coordinate,
u0 is the peak value of u(x) at x = 0 and xmax is the maximum value of x, which may be
constrained by the size of an AC room. However, more complex velocity profile can also
be contemplated. We have taken the flow velocity along horizontal direction with vanishing
components along upward and downward directions. It is obvious that any non-zero upward
(downward) component will enhance (reduce) the time of suspension of droplets in the air.
We solve the Langevin equations, Eqs. 1, 2 simultaneously by using Monte-Carlo tech-
niques with the inputs discussed below. For the initial spatial coordinate we use, x = y = 0
and z = H0, where H0 is the height (1.7 meter) at which the droplet is released (nose/mouth),
that is the initial spatial coordinate of the droplet is (x, y, z) = (0,0,1.7meter). We distribute
the initial velocity uniformly in the x− y plane, where vz = 0. The gravitational force act on
the downward z direction. We vary the radius (R) of the droplets from 2.5µm to 100µm [6]
and the ejection velocity (V0) from 5 to 21 m/s [7]. The mass of the droplet has been
estimated from the radius (R) by using the relation M = 4piR3d/3, where d(= 997 kg/m3)
is the density of droplet. The value of the drag coefficients, λ is estimated by using the
relation, λ = 6piηR, obtained from Stokes formula. The value of the diffusion coefficient is
obtained by using the Einstein relation [3], D = KBTλ, where KB = 1.38 × 10−23J/○K, is
the Boltzmann constant and T is the temperature. We consider L(t) = √x(t)2 + y(t)2 as
the horizontal distance traveled by the droplet from the point of ejection and the maximum
value of L(= Lmax) dictates the stationary distance that to be maintained between infected
and healthy persons to avoid the virus.
It may be mentioned that if we set the values of drag and diffusion coefficients to zero
then our numerical results are in excellent agreement with the results obtained by assuming
free fall of the droplets with large size (mass).
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FIG. 1: The horizontal distance, L(t) traveled by the ejecta from the source of infection as a
function of time for different ejection velocities have been shown here. The droplets are ejected at
a height 1.7 meter from the ground. The change of height, H(t) with time of the droplet for initial
velocity 21 m/s has also been depicted.
III. RESULTS
Among other factors, the contamination depends on the mass and initial velocity of the
droplets. However, the droplets ejected through coughing and sneezing will have different
sizes (and hence masses) and initial velocities. Therefore, we provide results for a range of
droplet sizes and initial velocities. The contagion by the droplets will also depend on the air
flow, temperature and humidity of the air where the droplets are discharged. Sensitivities
of the results on these factors have also been investigated and discussed below. The results
presented in Figs. 1 and 2 have been obtained in still air at temperature, T = 30○C with
inputs discussed above. In Fig. 1 the time variation of horizontal distance (L) travel by
droplets for various ejection velocities have been displayed. The (horizontal) distance, L
traveled by the droplets from the source depends strongly on the initial velocity and mass.
While a droplet of mass 4186 ng with small ejection velocity, V0 = 5 m/s travels a distance,
L ≈ 0.55 meter, a droplet with larger V0 = 21 m/s travels 2.35 meter approximately. This
droplet takes about 1.5 sec to settle under the action of gravity. Other droplets with in-
termediate values of V0 = 15 m/s and 10 m/s travel horizontal distances approximately 1.7
meter and 1.1 meter respectively. It may be mentioned here that a droplet of radius 200
µm takes about 0.73 sec to fall on the ground which may be compared with the value for
free fall time (t = √(2H)/g = 0.59sec) from a height 1.7 meter (please also see [8]). This
indicates that free fall will be a reasonable approximation for droplets having radii larger
than 200 µm. The red dashed line in Fig. 1 shows the variation of height, H(t) with time
when it is released at an initial height, H0 = 1.7 meter with V0 = 21 m/s. The time variation
of H(t) for large droplets (mass 4186 ng or more) with other values of V0 are not shown
because of its weak V0 dependence. The results discussed above can be viewed in a different
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FIG. 2: Variation of H with L for a droplet of mass 4186 ng and radius 100 µm for different
ejection velocities have been displayed.
way as follows. Fig. 2 shows the change of height (H(t) of the droplets with horizontal
distance (L(t)) for different initial velocities (V0). A droplet of mass 4186 ng with V0 = 21
m/s (5 m/s) travel a horizontal distance, L ≈ 2.35 meter (0.55 meter). The same droplet
with intermediate V0 values, 15 m/s (10 m/s) travels approximately 1.7 meter (1.1 meter).
These results indicate that big (massive) droplets falls on the ground within a short time
due to gravitational force but they travel larger distance due to larger momentum as the
drag force for such droplets is weaker than gravitational force. These results are consis-
tent with the results displayed in Fig. 1. From the preventive strategic point of view the
question to be asked is - what is the maximum horizontal distance (Lmax) that a healthy
individual should maintain from an infected one? The answer will depend on the several
factors discussed above, e.g. ejection velocity, mass of the droplets, temperature, humidity,
flow velocity of the air, etc. We evaluate Lmax both in still and flowing air conditions and
display its variation with the radius (R) of the droplets for ejection velocities, V0 = 5,10,21
m/s in Fig. 3 at a temperature, T = 30○C. It is appropriate to mention here that the mean
value of V0 is about 10 m/s and the value 21 m/s is close to the highest possible value of
V0 for droplets originating from coughing [7, 9]. The value of u0 appearing in the velocity
profile mentioned above has been taken as, u0 = 0.1 m/s and xmax = 5 meter.
We observe that the maximum horizontal distance traveled by the droplets in still air
increases with its size or mass (Fig. 3). Droplets with larger V0 gives larger value of Lmax
for given R. It is crucial to note that Lmax for large droplets does not change much with
moderate air flow. The action of gravity on large droplets dominates over the drag force
and hence they expeditiously settle gravitationally. In still air a droplet of radius 100µm
travels 2.35 meter, 1.1 meter, 0.55 meter for V0 = 21,10 and 5 m/s respectively. The drag
and diffusive forces does not allow small droplets to travel long distance in still air.
However, in flowing air condition the scenario is very different. Gravitational force im-
parts a downward terminal velocity (vt) to the droplet which is given by: vt = 2R2(d −
ρ)g/(9η), where ρ is the density of air. In an environment of flowing air with flow velocity
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FIG. 3: The variation of the maximum horizontal distance (Lmax) traveled by droplets as a function
of radius for different ejection velocity.
u(x), the resultant of vt and u will dictate how long a droplet will move before gravita-
tionally settled. If vt of a droplet is large compared to u0 (peak value of the flow velocity)
then it will quickly settle under the action of gravity. The value of vt for a 100µm droplet
is 1.2 m/s which is 12 times larger than the peak value of the flow velocity, u0 (= 0.1 m/s),
therefore, such droplets will strike the ground fast without much effects of flow. However,
the smaller droplets are strongly affected by the flow. The value of vt for a 5µm droplet is
0.3 × 10−2 m/s which is more than an order of magnitude lower than u0(= 0.1 m/s). Such
small droplets are influenced by drag, diffusion and flow and have more time to travel large
distances. A droplet of radius 5 µm will traverse a distance 4.95 meter. It is crucial to note
that for small droplets, Lmax is insensitive to ejection velocity. Droplet with intermediate
size experience some sort of cancellation between the actions of gravitational and drag force
and therefore move smaller distance if flow velocity is low compare to their vt (Fig.3).
We have also considered u0 = 0.25 m/s to understand the effect of air flow. We found
that the increase in flow velocity from 0.1 m/s to 0.25 m/s changes the Lmax by 1%, 88%
and 8.2% for droplet of radii 5 µm, 50µm and 100µm respectively. It is clear that the effect
of increase in u0 on a 5µm droplet is small because its vt << 0.1 m/s and hence any further
increase in u0 has negligible influence. A 5µm droplet will travel a distance of 4.95 meter (5
meter) from the point of ejection if the peak flow velocity is 0.1 m/s (0.25 m/s). Similarly
for a 100µm droplet the gravitational effect still dominates because their vt is more than 0.25
m/s, resulting in only about 8.2% increase in Lmax. However, a 50µm droplet has vt = 0.3
m/s which is comparable to u0 = 0.25 m/s and hence the change in Lmax for such droplet is
substantial (88%). Therefore, it is important to note that the distance traveled by a droplet
will depend on the interplay between the magnitudes of downward terminal velocity and the
flow velocity. Therefore, as preventive strategies a healthy person should maintain different
distances in still and flowing air environments.
We note that for smaller droplets Lmax ≈ xmax, suggesting that the dynamics of these
droplets is almost entirely determined by the air flow. At a distance, L = xtextmax the
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FIG. 4: The variation of the maximum times the droplets take to reach a height of 1 meter from
the ground (dashed line) and to hit the ground (solid line).
velocity profile of the air turns into zero and the drag of the air becomes dominant which
does not allow the smaller droplets to travel anymore.
How long a droplet takes to gravitationally settle on the ground or in other words how
long it remains suspended in the air after it is ejected through sneezing or coughing? In
Fig. 4 the maximum time (tmax) of suspension of the droplet in the air is plotted as a
function of R for V0 = 21 m/s for T = 30○C. We find that the dependence of tmax on V0 is
mild. The results clearly indicate that tmax decreases with increase in R i.e. the smaller
droplets remain suspended in the air for a longer time. We find that a droplet of size 100 µm
float in the air only for 1.5 sec approximately. For Large (massive) droplet the gravitational
force dominates over drag and diffusion and consequently they settle on the ground quickly.
However, a droplet of smaller size (hence lighter too) of radius 2.5 µm survives in the air for
about 41 minutes (Fig.4) for u0 = 0.1 m/s because for such lighter droplets effect of gravity
is small. This result may be used as a guideline to determine the temporal distance that a
healthy individual should maintain from an infected one. A healthy individual should not
only be careful in maintaining the geometric distance from an infected individual but also
deter the suspended lighter droplets by suitably covering nose, mouth, etc by using mask
and other possible accessories. Moreover, the majority of droplets ejected from exhalation
process has radius around 10µm ([7] and references therein) for which the use of mask is
necessary. Fig. 4 also display the maximum time taken by droplets of various sizes to fall at
height of 1 meter from its released position at a height of 1.7 meter from the ground.
IV. DISCUSSIONS
The maximum time of suspension in the air and the maximum horizontal distance traveled
by the droplets ejected by infected individuals through coughing and sneezing have been
estimated both for still and flowing air conditions by solving the Langevin equation. All
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the possible forces (drag, diffusive and gravitational) which influence the dynamics of the
droplets in the air have been taken into accounts under varying conditions of temperature,
humidity and air flow. The sizes and the initial ejection velocities used in the calculations
have been taken from measured values available in the literature [6, 7]. With all these inputs
the Langevin equation has been solved rigorously to find that the small droplets travel larger
distance and remain suspended in the air for long time under the influence of flow making
the use of mask mandatory to prevent the virus. Therefore, the the maintenance of only
stationary separation between healthy and infected individual is not substantiated.
We notice that such a result goes along with the very recent finding [10] that in two
Wuhan hospitals the micrometer and submicrometer droplets of Sars-COV-2 were found at
a distance of about 3 meters from the infected patient’s bed around to the room corners,
where indeed the air flow is damped and/or twirls into local vortices.
It may be mentioned here that smaller droplets may originate from the fragmentation or
evaporation of the larger droplets and remain suspended in the air for longer time causing
potential health problems. Again in such cases preservation of static separation is not
justifiable. Isolated virus may be created from the process of evaporation. The survivability
of these virus in air for more than a hour has been reported [11]. Such virus will remain
suspended in the air for long time due to the dominant actions of drag and diffusive forces,
air flow and weak gravitational influence on them.
We have performed a thorough study considering also possible effects coming from the
higher order correction, associated to large Reynolds number, with respect to the Stokes’
approximation but we have found only negligible changes for small droplets (R ≤ 10µm) that
can be discarded at the level of accuracy relevant in this context (for large droplets action of
gravity dominates over viscous force). We have also studied the impact of the temperature
on the space-time evolution of the trajectories exploring a wide range from 0 to 40 oC, the
results shows a limited impact that is of about 10%.
Acknowledgement
SKD would like to acknowledge IIT Goa for internal funding (No. 2020/IP/SKD/005)
and Professor Barada Kanta Mishra for useful discussions.
[1] Wells, W. F. and Wells, M. W., 1938, Measurement of sanitary ventilation, Am. J. Public
Health Nations Health, 28, 343 (1938).
[2] Reif, F., Fundamentals of Statistical and Thermal Physics, Mcgraw-Hill International Edi-
tions, Singapore, 1985.
[3] Pathria, R. K., Statistical Mechanics, Butterworth-Heinemann, Oxford, 1996.
[4] https://www.engineeringtoolbox.com/air-absolute-kinematic-viscosity-d601.html
[5] Boukhriss, M., Zhani, K. and Ghribi, R., Study of thermophsical properties of solar desalina-
tion system using solar energy, Desalination and Water Treatment,51, 1290 (2013).
[6] Han, Z. Y., Weng, W. G. and Huang, Q. Y., Characterizations of particle size distribution of
the droplets exhaled by sneeze, Jour. Roy. Soc. Interface 10, 20130560 (2013).
[7] Vansciver, M., Miller, S. and Hertzberg, J., Particle image velocimetry of human cough,
Aerosol Sci. Technol. 45, 415 (2011).
8
[8] D. A. Stariolo, arXiv:2004.05699 [physics.class-ph]
[9] Zhu, S., Kato, S., and Yang, J., Study on Transport Characteristics of Saliva Droplets Pro-
duced by Coughing in a Calm Indoor Environment. Building Environ, 41, 1691 (2006).
[10] Liu, Yuan and Ning, Zhi and Chen, Yu and Guo, Ming and Liu, Yingle and Gali, Nirmal Ku-
mar and Sun, Li and Duan, Yusen and Cai, Jing andWesterdahl, Dane and Liu, Xinjin and Xu,
Ke and Ho, Kin-fai and Kan, Haidong and Fu, Qingyan and Lan, Ke, Aerodynamic analysis
of SARS-CoV-2 in two Wuhan hospitals, Nature, 27 April 2020; doi.org/10.1038/s41586-020-
2271-3.
[11] S. W. X. Ong, Y. K. Tan, P. Y. Chia, T. H. Lee, O. T. Ng, M. S. Y. Wong, and K. Marimuthu,
Air, surface environmental, and personal protective equipment contamination by severe acute
respiratory syndrome coronavirus 2 (SARS- CoV-2) from a symptomatic patient, JAMA
March 4 (2020).
9
